The accumulation of stored lipids mostly during the last 3 copepodite stages is a common feature in most Calanus species (Kattner & Krause 1987) . These lipids support overwintering in deep cold waters when food is scarce at the surface (Hirche 1996a,b) and they also play a role as regulators of buoyancy (Visser & Jónas-dóttir 1999) . Lipids are stored mainly as wax esters (WEs) accumulated in a sac located in the cephalosome above the gut and the gonad. Triacylglycerols, which also constitute a small part of the lipid components, are considered to be an index of recent feeding, or as an intermediate component of WE catabolism (Sargent et al. 1977 , Hakanson 1984 .
Calanus finmarchicus and C. helgolandicus generally dominate the zooplankton biomass in the North Atlantic; the first of these species is abundant in coastal and open ocean areas that are located mostly to the north of the Gulf Stream, whereas C. helgolandicus is distributed in the warmer waters to the south (Fromentin & Planque 1996) . In a recent study, Jónasdóttir (1999) used a model to estimate how stored lipids in C. finmarchicus are used in each of the energetic processes occurring during the activation and the terminal phases of diapause. However, because of the difficulties in following the growth of a cohort in detail, the cost of gonad maturation has never been measured for Calanus. In this study, we attempt to provide a first measurement under laboratory conditions of the cost of gonad formation during moulting from CV into adult for the 2 dominant Calanus species in the North Atlantic.
ABSTRACT: The energetic cost of moulting and gonad maturation from Stage CV to adult has been estimated in the copepods Calanus helgolandicus and C. finmarchicus. For both species, this was done by following 2 laboratory-reared cohorts, one reared at a high food concentration (Cohort H) and the other at a comparatively lower food concentration (Cohort L). The 2 cohorts of each species were maintained at a constant temperature (15°C for C. helgolandicus and ~8°C for C. finmarchicus). The wax ester (WE) content was estimated in late CV and new moulted females, on the day when approximately 40 to 50% of the individuals of the cohort had moulted to adulthood. Copepodite Stage CV in Cohort H had accumulated much more WE than those in Cohort L (2.2 and 1.4 times more in the case of C. helgolandicus and C. finmarchicus, respectively). However, for both species, the amount of WE catabolized during the moulting of the CV stage from Cohort H is very similar to that of CV from Cohort L. In both cohorts, it is equivalent to ~20 µg C for C. helgolandicus and ~40 µg C for C. finmarchicus. Because of the difficulty of properly estimating the WE content at the end of CV, we consider that our values are underestimates, and a subsequent analysis, which considers the upper range of the WE content estimated at the end of CV, suggests values up tõ 30 µg C for C. helgolandicus and ~70 µg C for C. finmarchicus. This WE catabolism is mainly due to gonad maturation, which occurred at this time, although part of it is also due to the loss of the exoskeleton and the energy required for the moulting process. We propose that the values obtained in this study can be used as a threshold to determine those animals that can descend for overwintering and those that have to remain at the surface, because the CVs with a WE storage below the threshold value will not be able to support the additional energetic costs linked to the overwintering strategy. Therefore, in the field, the percentage of copepods going into overwintering would be a consequence of the growth conditions. The WE threshold is likely to vary with temperature (with a lower value at higher temperature) since metabolism is more rapid at higher temperature.
Materials and methods.
This approach is based on laboratory rearing of both species where the sampling intensity allowed us to follow not only the change in WE storage between stages but also within the stage. In this study, we analyzed the WE content of late copepodite Stage CV and newly moulted females of C. helgolandicus and C. finmarchicus. For each of the species, the CV and the females came either from a cohort reared at a low food concentration (Cohort L) or a cohort reared at a high food concentration (Cohort H); the 2 cohorts were held at a constant temperature (15°C for C. helgolandicus and ~8°C for C. finmarchicus). The conditions of each rearing are summarized in Table 1 . For both species, WE contents were estimated indirectly by considering the oil sac volume of 30 copepods per stage. The volume was transformed into WE by: (1) multiplying it by the density of 0.86 g ml -1 (Sargent & Henderson 1986); (2) multiplying it by the ratio of the carbon content in WE of 0.78 (from Table 2 .3 of Sargent & Henderson 1986) ; and (3) dividing it with a conversion factor of 1.44 from the method based on the oil sac volume (from Fig. 6 of Miller et al. 1998) .
We wanted to estimate the lipid catabolism that occurs during the last moulting, from CV to adult female. Since the lipid content increases during the development of Stage CV, we took care to determine the lipid content at the end of the stage. In fact, some authors (Gatten et al. 1980 ) have already attempted to estimate experimentally this energetic cost by using 2 samples of wild CVs. One of the samples was used to estimate the lipid content at time t = 0, and the other one was incubated for 24 h to subsequently determine the lipid content in the females which had just moulted during the incubation period. However, in this approach, the lipid content estimated for the CV at t = 0 is an average of the lipid contents of all the CVs which were present in the first sample, and it is certainly not a good estimate of the final lipid content of the CV just prior to moulting. Indeed, some of the CVs that were initially present in the sample were ready to moult, while others had just entered the stage. In the data we present here, we addressed this problem carefully and we estimated the final lipid content of the CV as accurately as possible. In the case of Calanus helgolandicus, the WE content of CV was the value estimated by Rey-Rassat et al. (2002a, this volume) for the day when 50% of the individuals have left CV and entered the adult stage. Even though this date seems to be arbitrary, it defines the end of the stage CV in an objective way that can be used to compare studies. The estimate of the WE content in the newly moulted females was not made on the same day as for CV but 1 and 3 d later for the Cohorts H and L, respectively. In the case of C. finmarchicus, the WE was estimated from the data on the volume of the oil sac given in Rey et al. (1999) . These estimates were made on CV and females sampled the same day when around 40% of the individuals from both cohorts had entered the adult stage. The fact that the WE was estimated on the day when 40% of the C. finmarchicus had entered the adult stage and not 50% (as for C. helgolandicus) has certainly contributed a lower lipid value, but we were forced to do so since the day when 40% of the C. finmarchicus entered the adult stage was also the day when the mesocosm experiment ended.
The results on the WE contents of Stages CV and females are presented in Table 2 . WE contents of Calanus helgolandicus were much lower than those in C. finmarchicus, probably due to more rapid metabolism at the higher temperature (i.e. the temperature range encountered by C. helgolandicus), although interspecific differences are also possible. For both species, we found that the WE content was much lower in Stage CV of Cohort L than in those of Cohort H. Lower lipid deposition occurred in Cohort L since the amount of food available for the organisms was much lower. An important fraction of the WE accumulated during Stage CV is catabolized during moulting into females, and the percentages of lipid depletion were higher in Cohort L than in Cohort H, for both C. helgolandicus (87 and 48% in Cohorts L and H, respectively) and C. finmarchicus (49 and 36% in Cohorts L and H, respectively). However, when we look at the absolute values of the WE catabolized during moulting, it appears that in both species the values are independent of the amount accumulated during Stage CV. In other words, a Since temperature and food concentration were fluctuating during this study, these values are the averages found during the development of the last 2 copepodite stages CIV and CV in both Cohorts L and H, the amount of WE used in the moulting and gonad maturation process is constant, and not relative to the amount previously accumulated. In the case of C. helgolandicus, the amount of WE used is ~20 and ~40 µg C for C. finmarchicus. This catabolism is attributed to the cost of (1) the moulting itself and (2) gonad development (Gatten et al. 1980 , Hirche 1996a , Jónasdóttir 1999 . Cost of moulting itself. The energy expended during moulting is usually assumed to be low. Vidal (1980b) found a decrease in individual body carbon due to exoskeleton loss equal to between ~2.8 and 5.1% in copepodite stages of Calanus pacificus. Moulting itself may also consume energy, enhancing the catabolism of internal resources. Increased respiration and excretion are expected during moulting as this has been shown in euphausiids (Ikeda & Mitchell 1982 , Ikeda et al. 2000 . The difference between the final weight of one juvenile stage (i) and the initial weight of the juvenile stage (i + l) could be an index of the cost of moulting. In some of the studies in which Calanus cohorts were reared, an overlapping of the weight values of 2 successive stages was observed. Such overlapping of the weight data was observed in Rey-Rassat et al. (2002a) between CIV and CV of the Cohort L. If we consider the highest weight of the CIV (found on the last day of sampling of the stage), we found a decrease of 8.0 µg C and 1.0 µg N compared with the first values of CV and, in percentage terms, this corresponds to 22 and 13% weight loss, respectively. Interestingly, very similar percentages are found by using the weight data reported in the Fig. 6 of Hygum et al. (2000) for C. finmarchicus CIV reared at a low food concentration (21 and 11% of loss in carbon and nitrogen weight, respectively). Both these percentages are found by considering the second to last weight value of the CIV shown in Hygum et al. (2000) and not the last one, which is very low and probably corresponds to latecomer animals (Lopez 1991 , Carlotti & Nival 1992 . Indeed, the last weight value of the CIV was obtained on the day when only 2% of the individuals of the cohort were still in this stage. The percentage of weight lost during moulting of Stage CIV is rather similar in both Calanus species and seems not to be negligible. However, it may be different in other copepodite stages and, in the case of CIV, it can be due not only to moulting but also to the development of gonad tissues which starts at Stage CIV (Tande & Hopkins 1981) .
Cost of gonad development. The main part of the gonad maturation processes is recognized to occur during moulting of CV into adults (Gatten et al. 1980 , Tande 1982 , Runge 1984 , Sargent & Falk-Petersen 1988 . It is the catabolism of a significant amount of WE that enables the synthesis of gonad tissue and the occurrence of Vitellogenesis 1 in ovocytes (Sargent & Henderson 1986 , Sargent & Falk-Petersen 1988 , Plourde & Runge 1993 , Hirche 1996a , Niehoff & Hirche 1996 . The lipid used during moulting may not be sufficient to support all the gonad maturation. In fact, Calanus finmarchicus newly moulted females which had been used to estimate the WE content were found still to be immature (see Fig. 5C in Rey et al. 1999 ). However, the gonadal stage of almost all those immature females was found to be G3 (following criteria described by Runge 1987), i.e. their gonad formation was well advanced. The energy required to complete the gonad development possibly came from ingestion, which increased after moulting (Rey et al. 1999 , Rey-Rassat et al. 2002b ). The role of ingestion of food in the completion of gonad maturation was demonstrated in previ-303 Table 2 . Wax ester content (in µg C) estimated at the end of the copepodite Stage CV and at the beginning of the females for Calanus helgolandicus and C. finmarchicus. For each species, 2 cohorts were reared in mesocosms, one under low food concentration (Cohort L) and the other under high food concentration (Cohort H). Wax ester (WE) catabolized during moulting was calculated by subtracting the WE of females (F) from that of Stage CV. In the case of C. helgolandicus, the WE content was estimated at the end of the copepodite Stage CV (i.e. the day when 50% of the individuals had left the stage and entered the adult stage) and at the start of the female life-time (i.e. 1 and 3 d after the day when 50% of the individuals had entered the adult stage in Cohorts H and L, respectively). In the case of C. finmarchicus, the WE content was estimated on CV and females sampled the same day (i.e. the day when the rearing in mesocosm ended, which corresponds to the day when 40% of the individual had entered the adult stage). (Marshall & Orr 1955 , Tande 1982 , Diel & Tande 1992 . The majority of the WE remaining after the moulting was possibly used to support the maturation of the next ovocytes (Vitellogenesis 1) or as part of their metabolism (Hirche 1996a , Rey-Rassat et al. 2002b . There is also some evidence that Calanus females (at least C. finmarchicus) are able to produce their first eggs (i.e. Vitellogenesis 1 and 2) entirely from their stored lipid in the absence of food (Diel & Tande 1992 , Niehoff et al. 1999 .
Comparison with the literature. For Calanus finmarchicus, Jónasdóttir (1999) used a model to evaluate the cost of gonad maturation and the cost of moulting to adult. These costs were equal to 70 and 8 µg C, respectively. Our estimate is somewhat lower (a total of 40 µg C including both moulting and maturation), but it is certainly underestimated because all the CVs we used had not yet reached their maximal lipid level. Also, the individuals were collected when only 40% of the CVs had moulted to the adult stage, which will have contributed to an underestimate of the WE content at the end of Stage CV. To evaluate the possible error involved, we assumed that the upper 50% values of lipid content at the end of Stage CV (upper 15 values from the original 30 values) are those representing individuals which were the closest to moult into adults. The new estimate of the WE used for moulting and maturation, by considering only these 15 upper values, were 63 and 69 µg C of WE for C. finmarchicus and 28 and 30 for C. helgolandicus in Cohorts L and H, respectively (Table 2) . These values can be criticized since the variability among the WE contents of each individual is not only due to the position of the individual within the stage but also to different individual patterns (genetic background, etc). However, considering the problems on the initial estimates previously mentioned, it is likely that the correct estimate of the WE catabolized during the CV moulting is closer to 70 than 40 µg C for C. finmarchicus and closer to 30 than 20 µg C for C. helgolandicus. Gatten et al. (1980) found that the amount of WE catabolized during moulting of C. helgolandicus CV ranged between 2 and 21 µg C (see their Table 3 ). As we explained before (see 'Materials and methods'), these results are imprecise because the estimate of the WE in the CV did not correspond to the final upper value of the stage (reached just before moulting) but is an average of the WE accumulated in CV that were at different positions within the stage.
Hypothesis on the onset of the overwintering descent. Our results indicate that the cost of moulting by CV, which is mainly due to gonad development, is mostly independent of feeding history, i.e. it is independent of the size or weight of the CV. This suggests that any CV has to accumulate a minimum of WE to moult to adult female. The organisms which go into diapause in deep cold waters will have to accumulate more WE than that required for gonad maturation in order to support other important energetic requirements occurring during the termination of diapause (Ingvarsdóttir et al. 1999 , Jónasdóttir 1999 . We propose the hypothesis that CVs that do not accumulate more than ~70 µg C of WE during their growth in the case of Calanus finmarchicus or ~30 µg C of WE in the case of C. helgolandicus will remain at the surface. During the formation of a new generation at the surface in spring, some individual CV migrate into deep waters (but also some CIV and females), whereas others remain at the surface (Irigoien 1999) . In many studies, the weight values (carbon, nitrogen and lipid content) and the size of the individuals in deep waters have been shown to be higher than those measured for individuals at the surface (Hirche 1983 , Durbin et al. 1995 , 1997 , Arashkevich et al. 1996 , Heath & Jónasdóttir 1999 , Jónasdóttir 1999 . The formation of the 2 populations of CV (i.e. one which had high growth rates and which were able to migrate, and another one which had low growth rates and which remained at the surface) could be the result of the heterogeneity of the food concentration in the field or to differences in the match between their growth and the phytoplankton bloom. Richardson & Verheye (1999) showed that the variability among the growth rates measured in situ (or more exactly, the coefficient of variation) increases with the size of stages (the study was carried out on the CI to CV of a Calanus sp.) or with the size of species. Indeed, in the field in which food is patchily distributed (Dagg 1977 , Cowles et al. 1993 , the critical concentration (Cc), below which growth is food limited, is higher for larger stages (Vidal 1980a , Richardson & Verheye 1999 , Rey-Rassat et al. 2002a . Therefore, the Cc of Stage CV might be less frequently encountered in the field than the Cc of younger stages, which would tend to increase the variability among the individual growth increments of the CV. This effect may be increased by slight differences, in the order of days, in the timing between the phytoplankton bloom and growth of Calanus.
Other hypotheses can explain the presence of 'fatter' individuals in deep waters compared to the surface, e.g. genetic or hormonal control. It is also possible that the separate populations of CV are, in fact, not derived from the same population and that they belong to different water masses. In some cases, the CV may also be lighter at the surface only because they are younger and they are still accumulating lipids at the surface. It is also possible that individuals with a lower lipid storage than our threshold value could go into overwintering and use the following years ingestion for moulting and gonad maturation. However, this does not fit with the observations of heavier individuals in the deep waters and with the fact that ascending CVs have higher lipid contents than females, and that the lipid content of females decreases after the ascent, probably because the lipid is used to produce eggs (Niehoff & Hirche 1996 , Irigoien et al. 1998 , Niehoff et al. 1999 .
Our results suggest that a threshold amount of WE could be the biochemical signal inducing the physiological responses leading to diapause. Moult controlling hormones in insects and crustaceans (i.e. ecdysones) are derived from dietary cholesterol (Lachaise et al. 1993) , and although their biosynthesis pathways and functioning mechanisms are still unclear (Smith & Sedlmeier 1990 , Lachaise et al. 1993 , Spaziani et al. 1999 , it seems possible that the lipid storage could play a role in the regulation of these hormones.
However, the determination of this threshold may be more complicated in the field than it appears in our study. It is likely that it varies with temperature since it is a key factor in influencing metabolism. The threshold of WE below which copepodites do not go into diapause certainly depends on the temperature that is experienced when the population grows in surface waters; the higher the temperature, the lower is the threshold. Similarly, the energetic cost of developing gonads certainly varies with the temperature occurring when the CVs are ready to moult into adult after overwintering. In the case of Calanus finmarchicus, our estimate of the cost of developing gonads (~70 µg C), which is also the threshold below which copepodites would remain at the surface, is relatively similar to that estimated in the field study by Jónasdóttir (1999) , in which the temperature range was indeed close to that used in our study (~8°C). Comparable interaction between body condition and migratory behavior has recently been demonstrated by Hays et al. (2001) for Metridia pacifica, where individual variability in diel vertical migration is influenced by body condition, with those animals with larger lipid stores not needing to risk ascent to feed at the surface at night.
This study provides a first quantification of the costs of moulting and gonad maturation in Calanus helgolandicus and C. finmarchicus and provides the means to test an hypothesis at the onset of the descent vertical migration, i.e. that a threshold amount of WE could be the biochemical signal inducing the physiological responses (e.g. hormones) leading to diapause. A first step to test this hypothesis would be to determine, in relation to temperature, WEs, weight and size characteristics of CV collected at different depths, when the copepods start to migrate to deep waters.
